Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent psychiatric disorders in children and adults. While ADHD patients often display circadian abnormalities, the underlying mechanisms are unclear. Here we found that the zebrafish mutant for the circadian gene period1b (per1b) displays hyperactive, impulsive-like, and attention deficit-like behaviors and low levels of dopamine, reminiscent of human ADHD patients. We found that the circadian clock directly regulates dopamine-related genes monoamine oxidase and dopamine ␤ hydroxylase, and acts via genes important for the development or maintenance of dopaminergic neurons to regulate their number and organization in the ventral diencephalic posterior tuberculum. We then found that Per1 knock-out mice also display ADHD-like symptoms and reduced levels of dopamine, thereby showing highly conserved roles of the circadian clock in ADHD. Our studies demonstrate that disruption of a circadian clock gene elicits ADHD-like syndrome. The circadian model for attention deficiency and hyperactive behavior sheds light on ADHD pathogenesis and opens avenues for exploring novel targets for diagnosis and therapy for this common psychiatric disorder.
Introduction
The circadian clock generates physiological and behavioral rhythms with a period of ϳ24 h and plays a critical role in the sleep/wake cycle (Dijk and von Schantz, 2005) . Circadian dysfunctions are thought to underlie the pathogenesis of many psychiatric disorders, including mania-like behavior and bipolar disorder (McClung, 2013) . Attention-deficit/hyperactivity disorder (ADHD; Online Mendelian Inheritance in Man #143465) is one of the most prevalent psychiatric disorders in children and adults, affecting ϳ3-5% of the population (Geissler and Lesch, 2011) . ADHD is characterized clinically by hyperactivity, inattention, and impulsivity (Kendall et al., 2008) , which significantly impair normal development of academic and social functions in children, and lead to secondary problems, such as delinquency and drug addiction, in adults (Rösler et al., 2004) . One of the key clinical manifestations of ADHD patients is obvious hyperactivity that in turn results in sleep deprivation (Philipsen et al., 2006) . Genome-wide association studies (GWAS) of ADHD patients have implicated genes involved in the endogenous circadian clock as risk factors for ADHD (Lasky-Su et al., 2008) . Mice carrying the dominant negative Clock mutation show mania-like behavior, including hyperactivity, decreased sleep, lowered depression-like behavior, reduced anxiety, and an increased reward value in association with elevated dopaminergic activities in the central tegmental area (McClung et al., 2005; Roybal et al., 2007) , while the circadian nuclear receptor Rev-erb␣ (Nr1d1) knock-out mice also display mania-like behavior, particularly hyperactivity and a central hyperdopaminergic state (Chung et al., 2014) . In addition, dysrhythmias of melatonin production and altered expression of the circadian clock genes BMAL1 and PER2 appear to be associated with adult ADHD patients (Baird et al., 2012) . The mechanisms by which the circadian clock impacts the pathogenesis of ADHD, however, are far from certain.
The zebrafish (Danio rerio) has been validated as a model for studying the genetic and developmental bases of behaviors (Lieschke and Currie, 2007) , and has demonstrated its superiority for high-throughput drug screens for behavioral disorders in whole organisms (Rihel et al., 2010) . Here, we set out to establish a zebrafish circadian model for attention deficiency and hyperactive behavior and to investigate the regulatory roles of the circadian clock in ADHD. We showed that zebrafish mutants for the circadian gene period1b ( per1b, an ortholog of human PER1) display hyperactivity, impulsivity-like and inattention-like behaviors, and low levels of dopamine (DA), reminiscent of human ADHD patients. This zebrafish model with altered circadian rhythms demonstrates that ADHD behaviors in humans, rodents, and zebrafish are all associated with a dysfunctional DA system. Per1b acts via enzymes critical for DA metabolism to directly regulate the endogenous DA levels, and also through genes critical for development of dopaminergic neurons to possibly regulate their number and spatial organization. We also determined that Per1 knock-out mice display ADHD-like symptoms, reduced levels of DA, and disregulation of DA-related genes, thereby suggesting that the regulatory roles of Per1 in ADHD behaviors are conserved across vertebrates. The circadian models for attention deficiency and hyperactive behavior we describe provide insights into ADHD pathogenesis and should allow screens to identify novel targets for diagnosis and treatment for this common psychiatric disorder.
Materials and Methods
All procedures were approved by the Soochow University Animal Care and Use Committee and were in accordance with governmental regulations of China.
Fish husbandry and embryo production
Zebrafish, including a wild-type AB strain and per1b mutant lines, are raised at our fish facility according to standard protocols (Westerfield, 1993) . Wild-type and mutant embryos were produced by pair matings, and then raised at 28.5°C in E3 embryo medium. To obtain larvae in the constant dark (DD) condition, embryos were first raised in the normal light/dark (LD, 14/10 h) condition for the first 3 d postfertilization (dpf) to activate and entrain the circadian system, and then transferred into the DD environment. For RNA isolation, embryos of different stages (every 4 h) were collected and then stored at Ϫ80°C. For in situ hybridization and immunofluorescence staining, embryos or larvae were fixed in 4% paraformaldehyde (PFA) in PBS for 3 h at room temperature (RT) or overnight at 4°C, then washed briefly with PBS, dehydrated, and stored in 100% methanol at Ϫ20°C until use.
Mutant generation and identification
The zebrafish per1b mutant was generated through a retroviral insertion approach (Golling et al., 2002) , whereby the retroviral sequence was inserted into the first intron of the per1b gene. To identify per1b mutants, two pairs of PCR primers were used. As shown in Figure 2A , primers P1 and P2 flanking the insertion site were used to amplify an expected 430 bp PCR product specific to wild-type fish, while the mutant product would be Ͼ6 kb too long to be amplified with this primer pair. Primer P3, located in genomic DNA to the left of the insertion site, and primer P4, which is inside the retroviral sequence, were used amplify an expected 734 bp PCR product specific to the insertional mutant. Thus, homozygous mutants would have a single 734 bp band, wild-type fish a single 430 bp band, and heterozygous fish both bands (see Fig. 2B ).
Quantitative real-time PCR
Using TRIzol reagent (Invitrogen), total RNAs were extracted from ϳ50 of the homozygous per1b or wild-type larvae every 4 h from 48 to 140 h postfertilization (hpf) for the LD condition and 96 -140 hpf for the DD condition, and other groups of larvae of specified stages or treatments. After treating with DNase, 3 g of the purified total RNAs were reverse transcribed into cDNAs. Quantitative real-time PCR (qRT-PCR) was performed in an ABI StepOnePlus instrument with the SYBR green detection system (Invitrogen). PCR thermal profiles were 40 cycles with each cycle 10 s at 95°C and 30 s at 60°C. Experiments were performed in triplicates, each with three different biological samples (nine replicates) for corresponding genotypes and developmental stages. All results were normalized to the expression level of the housekeeping gene ␤-actin. qRT-PCR results are shown as a relative expression level calculated using the 2 Ϫ⌬⌬CT method (VanGuilder et al., 2008) . p values were calculated with one-way ANOVA test or Student's t test.
Luciferase reporter assays
A 1698 bp (Ϫ1489 to ϩ209 bp) fragment of the zebrafish monoamine oxidase (mao, ENSDARG00000023712) promoter region containing 6 E' boxes (CANNTG) or a 1403 bp (Ϫ1371 to ϩ32 bp) fragment of zebrafish dopamine ␤ hydroxylase (dbh, ENSDARG00000069446) promoter region containing 7 E' boxes was amplified and cloned into the luciferase reporter-containing vector pGL4.17 (Promega), and named as pmao-PGL4 and pdbh-PGL4, respectively. Full-length cDNAs of zebrafish bmal1b (ENSDARG00000035732), clock1a (ENSDARG00000011703), clock2 (ENSDARG00000016536), per1b (ENSDARG00000016536), cry1ab (ENSDARG00000011583), and cry1ba (ENSDARG00000069074) genes (Kobayashi et al., 2000; Wang, 2008) were cloned into the pcDNA3.1 expression vector, respectively.
Real-time bioluminescence monitoring in transgenic fish
The two luciferase reporter constructs, pdbh-PGL4 and pmao-PGL4 (described above), were purified and linearized by NotI, and then microinjected into one-cell stage embryos for generating transgenic fish lines. Real-time bioluminescence of the F 1 transgenic larvae was monitored with a luminoskan ascent instrument (Thermo Fisher Scientific) using the dual-luciferase reporter assay system (Promega). The results were normalized by the CircWave (v3.3) software (Cho et al., 2012) .
Cell culture and cotransfections
A mouse fibroblast cell line, NIH3T3, was used for cotransfection studies. Cotransfection and luciferase assays were performed according to the protocol described previously (Hampp et al., 2008) .
Antibodies and chromatin immunoprecipitation
A peptide of 13 amino acids (PSSQLTQSPESDR) was selected from the Bmal1b protein sequence, synthesized, and used as an antigen to generate rabbit polyclonal antibody according to a standard protocol (Howard and Kaser, 2007) . Peptides of 10 amino acids were selected. SEEPAHL-KEQ was selected from the Period2 protein sequence. ALKAGESAEV was selected from the Per1b protein sequence. These were used to generate mouse monoclonal antibodies according to a standard protocol (Howard and Kaser, 2007) . Bmal1b, Per2, and Per1b antibodies were effective in Western blotting experiments. Bmal1b and Per2 antibodies were used in chromatin immunoprecipitation (ChIP) assays, while the Per1b and Per2 antibodies were used for immunofluorescence staining experiments.
For ChIP assays, a group of 200 wild-type larvae at 5 dpf was collected and cross-linked in 2% formaldehyde at RT for 30 min, then 1:10 v/v of 1.25 M glycine was added to stop cross-linking, followed by PBS washes (3ϫ, each for 10 min). The following procedures were performed according to the manufacturer's protocol (Millipore's ChIP assay kit). We used purified rabbit or mouse IgG (Invitrogen) as a negative control. ChIP PCRs were performed using primers flanking the E' box sites as well as primers not flanking the E' box sites in the 5Ј promoter regions of dbh and mao as controls.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was conducted as described previously . Briefly, fixed larvae were incubated in 50% formamide hybridization buffer with a DIG-labeled RNA probe at 70°C for 18 -20 h. Both nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche) were used for colorimetric detection. For each in situ hybridization experiment, 10 -15 larvae were used. At least three independent in situ hybridization experiments were conducted for each gene with an antisense per1b probe.
Western blotting analysis
Zebrafish larvae at 5 dpf were washed with fish water and homogenized in lysis buffer as described previously (Wang et al., 2011) . Protein samples were separated with 8% SDS-PAGE and transferred to PVDF membranes. After blocking with 5% nonfat milk for 2 h, PVDF membranes were incubated with primary antibody overnight at 4°C. The next day, membranes were washed in TBST (0.5% Tween 20) three times, each for 10 min, and then incubated for 4 h with anti-mouse or anti-rabbit HRP-conjugated secondary antibody (1:5000; Abcam) at 4°C. After washing with TBST four times, 10 min each, membranes were detected by a chemoluminescent HRP substrate (Thermo Fisher Scientific).
Immunofluorescence staining with tyrosine hydroxylase antibody
A group of 12 5 dpf zebrafish larvae were used to perform tyrosine hydroxylase (TH) immunofluorescence staining. Fixed larvae were placed in 30% sucrose in PBS overnight and then transferred to Tissue-Tek O.C.T. and stored at Ϫ26°C. Sections with a thickness of 16 m were prepared using a cryostat (Leica CM1850). Immunofluorescence was performed as follows: slides with sections were washed with PBS (3ϫ, each for 10 min), followed by PBST (3ϫ, each for 10 min), and finally PBS plus 0.5% Triton X-100 (2ϫ, each for 5 min). Sections then were blocked in 3% bovine serum albumin in PBS for Ն30 min and incubated with TH primary antibody (mouse, 1:1000; Immunostar) overnight at 4°C. The following day, sections were washed with PBS (3ϫ, each for 10 min) and PBS plus 0.1% Triton X-100 (2ϫ, each for 5 min). Sections were then incubated with secondary antibody (antimouse Alexa 488; A21202, Invitrogen) for 2 h, followed by washing with PBS (6ϫ, each for 10 min). Slides were coverslipped using DAPI solution (Vector Lab, H1200). Images were taken using a Zeiss compound microscope (Axio Imager M2) with a digital camera and processed using Adobe Photoshop CS. A double-blind test was used to calculate the number of dopaminergic neurons in the ventral diencephalic posterior tuberculum (PT).
Immunostaining of the mouse brain was performed as described previously (Gong et al., 2011) . Two-month-old mice were overdosed with pentobarbital and perfused with saline followed by 4% paraformaldehyde. The fixed brain was cryoprotected in 30% sucrose, and cut into 20 m coronal sections on a cryostat (Leica CM1850). Sections were incubated with a mixture of two primary antibodies (mouse anti-TH, 1:1000; Immunostar; and rabbit anti-PER1, 1:600; Abcam, ab3443) overnight at 4°C. After washing with PBS three times, sections were then incubated with a mixture of secondary antibodies (anti-mouse Cy3 conjugated, 1:1000; Invitrogen; and anti-rabbit Alexa 488 conjugated, 1:1000; Invitrogen) for 2 h at RT. After washing with PBS three times, sections were coverslipped with DAPI solution (Vector Lab, H1200).
HPLC analysis
Measurement of endogenous DA concentrations was performed at the Institute of Basic Chinese Medical Theory, China Academy of Chinese Medical Sciences. The protocol was performed as described previously (Lange et al., 2012) . Brains of 12 adult fish (5-6-month-old) were dissected out at Zeitgeber time (ZT) 1 and ZT15 and fast frozen in liquid nitrogen, then stored at Ϫ80°C until use. Approximately 100 larvae were fast frozen each at ZT2 (98 and 122 hpf) and ZT14 (110 and 134 hpf). Samples were stored at Ϫ80°C until use. For HPLC analysis, ϳ100 zebrafish (Ն50 mg) larvae or 50 mg adult brains were homogenized in 250 l of 0.1 M acetic acid containing 10 M EDTA, ascorbic acid, and sodium metabisulfite. Samples were stored at Ϫ80°C until analysis. Measurements of neurotransmitters, including DA, homovanillic acid (HVA), 3,4-dihydroxyphenylacetic acid (DOPAC), norepinephrine (NE), 5-hydroxyindoleacetic acid (5-HIAA), were performed on a Varian Polaris Programmable Binary Gradient HPLC System (Agilent Technologies). Reagents were purchased from Sigma-Aldrich. Calibration curves were obtained by injecting standard samples (DA, Sigma-Aldrich, H8502; HVA, Sigma-Aldrich, H1252; DOPAC, Sigma-Fluka, 11569; 5-HIAA, Sigma-Aldrich, H8876) of five different concentrations (5, 10, 20, 40 , and 80 ng/ml). Correlation coefficients were Ͼ0.999.
Zebrafish behavioral analysis
Long-term monitoring of locomotor activity. Locomotor activity analysis was performed as described previously with some modifications (Prober et al., 2006) . On the fourth dpf, a single larva was placed in each of 72 wells of a 96-well plate (36 wild types and 36 per1b mutants), which allowed simultaneous tracking of each larva. Locomotor activities of larvae were monitored for 4 consecutive days under the LD conditions using an automated video-tracking system (Videotrack, ViewPoint Life Sciences; or DanioVision Tracking System, Noldus Information Technology), and the movement of each larva was recorded and analyzed using Zebralab3.10 software (ViewPoint Life Sciences) or Ethovision 10.0 software (Noldus Information Technology). Ninety-six-well plates were placed inside the Zebrabox/DanioVision Observation Chamber where continuous infrared light was illuminated and white light was illuminated from 9:00 A.M. to 11:00 P.M. Instruments were placed in the chamber to maintain a constant temperature of 28.5°C. The Videotrack quantization parameters were set as described previously (Appelbaum et al., 2010) . The test was performed Ն3 times. Data were further analyzed using custom R language and Visual Basic Macros for Microsoft Excel.
For the DD assay, live video tracking and analysis were conducted using Ethovision 10.0 software (Noldus Information Technology). The per1b mutant and wild-type embryos were kept under LD conditions for the first 3 d of development. On the fourth dpf, the mutant and wild-type larvae (48 each) were placed in a 96-well plate, which then was loaded inside the observation chamber of the DanioVision Tracking System (Noldus Information Technology). The temperature of the chamber was Testing tanks for the escape assay and food reward with a two-choice, serial reaction-time task assay. Tanks were made of plastic, as was the barrier, and relative size is depicted in the picture. A, The right half of the tank was covered with opaque paper, which mimics a dark box. The left part of the tank mimics a light box. An electric pulse was turned on as soon as the fish entered the dark side of the tank. B, Lights comprised 1ϫ yellow and 1ϫ green LEDs (3V) controlled by the experimenter with an externally located switch box. The food inlet tube was attached on the left side near the green LED.
maintained at 28°C by a temperature control unit (Noldus Information Technology). The light was set at 300 lux during daytime of 4 dpf, 0 lux during nighttime of 4 dpf, and then at 30 lux for all subsequent days for the DD condition starting from 9:00 A.M. at 5 dpf. Activities were measured from days 5 to 10 postfertilization, and swimming distances of the larvae were recorded in 10 min time bins (Tovin et al., 2012; Ben-Moshe et al., 2014) . Locomotor activities under DD conditions were repeated four times, and the data were calculated with Student's t test using SPSS. Each value was shown as mean Ϯ SEM, considering p Ͻ 0.05 as statistically significant. The period, amplitude, and phase were reanalyzed using a nonlinear least-squares minimization method (Pendergast et al., 2012; Liu et al., 2014) . Activity levels that were above the 24 h average were plotted relative to the peak activity level in each actogram; activity levels below the 24 h average were set to zero (Hurd et al., 1998) .
For the locomotor activity assay in adult fish, male or female adult fish were placed in 1 L tanks (20 ϫ 8.5 ϫ 6 cm) and transferred to the experiment room. All sides of the tank were covered by opaque tape to prevent external interference. After 1 h of acclimation, fish were placed in tanks containing system water to a depth of 6 cm, and activities were measured. Using the same procedure for larval locomotor activity, swimming activities were monitored over 2 h by counting the swimming distance every 5 min, for a total of 20 observation bins.
Active-avoidance conditioning paradigm for learning and memory ability analysis. The test was performed as described previously (Rawashdeh et al., 2007) . Adult male zebrafish, 6 -7 months of age, with an average length of ϳ3 cm, were trained on an active-avoidance conditioning (AAC) paradigm using a modified testing tank [dimensions, 20 (length) ϫ 8.5 (width) ϫ 6 cm (height); water level, 5 cm]. This testing tank had an opaque barrier with an underwater opening to allow passage. The barrier divided the tank into two compartments of equal size; the right compartment was covered with dark, opaque paper to form a dark area. An electrode was installed at the right end of this area (Fig. 1A) . Animals had to cross the barrier to avoid electric shocks (50 mA; pulse duration, 10 s; interpulse amplitude, 500 ms; Fig. 1A ). Before the test, the room light was turned off, with dim red light illuminating the left part of the testing tank. All the fish were placed individually in 1 L tanks and transferred to the experiment room for Ն1 h for acclimation. Before training began, fish were first put into the left part of the testing tank one by one, and nearly all the fish passed through the barrier to the dark part in 10 s. Fish that did not go to the dark part in 10 s were excluded from the test. During the training period, the electric pulse was switched on as soon as the fish entered into the dark part (Fig. 1A , right compartment). Animals could learn to avoid the shock by swimming into the illuminated part within the first 10 s of each trial. Training was terminated once the animal was able to stay in the illuminated part for Ͼ10 s, and the time points of the electric pulse were recorded. The learning criterion was defined as staying correctly in the left, illuminated portion for Ͼ10 s in 8 of 10 consecutive trials during the training period without returning to the dark compartment. Animals that did not achieve the criterion for learning ability within 30 min after the onset of training were excluded from the experiment. Testing at defined intervals (24 h) was used to estimate long-term memories. The test was performed at ZT8 (daytime) and ZT16 (nighttime).
Evaluation of retention. To quantitatively evaluate the ability of each learner to recall the AAC paradigm, a retention score (RS) was calculated using the following algorithm (Rawashdeh et al., 2007) :
Training time required to reach the learning criterion in the test session was subtracted from the training time required to form the learning ability in the training session, divided by the training time in the testplus-training sessions.
Reward-mediated impulsivity evaluation. This test was performed as described previously (Parker et al., 2012) . All behavioral testing took place in a custom-built tank. The tank was constructed from a translucent, nonreflective acrylic box [6 (height) ϫ 8.5 (width) ϫ 20 cm (length); Fig. 1B ], fitted with opaque barriers to form the response apertures and the food-magazine areas. The tank was filled with 3 L of system water. A high-speed camera (Videotrack, ViewPoint Life Sciences) was placed above the box to facilitate continuous real-time observation and recording of the fish in the test tank.
Before training, fish were not fed for 3 d and then were transferred into the testing tank without a barrier. The yellow and green LEDs were switched on to see whether the fish had color preference. We selected fish without color preference for further examination. During the training period, the barrier was added, and 5-10 live brine shrimps were injected near the green light 5 s after it was switched on to form a reward-stimulus system, then we put the fish into another part of the tank with the yellow LED switched on, but no brine shrimp were injected. Each fish was trained and tested separately. After consecutive daily trainings for a week, fish that had already formed a reward memory were selected to perform the test experiment. As a result, 36 fish for each genotype were selected.
During the test period, the barrier was taken away, and both LEDs were switched on. However, no brine shrimp were injected until 4 min later. Fish that entered the right region (4 ϫ 4 cm region near the green light) and remained near the region for 10 s were regarded as "correct fish"; fish that never entered the region were considered as "incorrect fish"; and fish that entered the region but stayed Ͻ5 s were identified as "omission fish."
Mirror-image attack test. The same tank used in the locomotor activity assay for adult fish was used for the mirror-image attack test, except that an 8 ϫ 8 cm mirror was placed outside one side of the tank. The numbers of times adult fish attacked the side with the mirror were recorded with the same automated video-tracking system mentioned above (see Movie 2).
Activities in light and dark as a measure of environmental sensitivity. The Zebrabox was illuminated with 90 s light/dark cycles (300 lux during illumination) and the locomotor activities of larvae were monitored as described above.
Drug treatments. All drug solutions were freshly prepared with system water on the day of the experiment. A group of 6-dpf-old larvae were incubated in drug solution with 5, 10, 15, or 20 M of deprenyl (SigmaAldrich) or 5, 10, 15, 20, or 40 M of methylphenidate (MPH; SigmaAldrich), respectively, for 1 h to find an optimal concentration. The distance swum during a 5 min period was recorded for the different treatments as described above. Twenty-four wild-type larvae and 24 per1b mutant larvae were incubated in the optimal concentration in a 48-well plate for 1 h, and the distance swum within 5 min was determined from the recording.
To determine the effect of Ritalin on mirror-attacking behavior, 8-month-old mutant male and wild-type male fish were adapted to the testing room for 2 d without feeding, each housed in a 1.5 L tank containing 1 L system water. On the third day (1-5:30 P.M.), a mirror was placed outside one end of the tank and mirror-attacking behavior was monitored for 5 min. On the fourth day, Ritalin was added to half of the fish tanks for each group to a final concentration of 100 M, while the others were left alone. Mirror-attacking behaviors were monitored 1 h post-treatment. Total swimming distances and times of attacking the mirror side of the treated fish and untreated control fish were recorded within 5 min.
Mouse behavior analysis
The behavior analysis (open field, Morris water maze) for wild-type C57/B6 and Per1 (strain name: B6.129-Per1 tm1Drw /J, http://jaxmice.jax. org/strain/010491.html; Bae et al., 2001) knock-out mice was performed as described previously (Gunn et al., 2011) .
Results

Generation of a per1b mutant
We generated a zebrafish mutant for the circadian clock gene per1b using a retroviral insertion approach (Golling et al., 2002) , and found that the retroviral sequence was inserted into the first intron ( Fig. 2 A, B) . A previous study showed that a viral insertion into the first intron before the start codon usually results in abnormal mRNA processing (Harbers et al., 1984) . To test the hypothesis that the expression level of per1b mRNA is affected by this type of retroviral integration, we performed qRT-PCR, semiquantitative RT-PCR, and whole-mount in situ hybridization. Results showed that wild types expressed per1b rhythmically under both LD and DD conditions, but that homozygous per1b retroviral insertion mutants showed only ϳ10% of the wild-type per1b transcript levels ( Fig. 2C-E) . Western blotting with a Per1b monoclonal antibody showed a barely detectable signal in the per1b mutant but substantial signal from wild types (Fig. 2F ) , thus verifying the effect of the mutation on Per1b production. Immunofluorescence staining with the same antibody indicated that in wild types, the Per1b protein was expressed primarily in the eye, particularly in the inner nuclear layer of the retina, while in per1b mutants, little signal was detected (Fig. 2G) . These results strongly indicate that the insertion mutant of per1b is likely a null-activity mutant. Furthermore, immunostaining demonstrated colocalization of the PER1 protein and TH in the dopaminergic neurons of the wild-type mouse brain substantia nigra (SN) region, which controls motivation and reward behaviors (Fig. 2H ) , suggesting that Per1 functions in dopominergic neurons. We were unable to detect Per1b protein expression, however, in zebrafish dopaminergic neurons (data not shown), likely due to its low expression levels or a suboptimal antibody.
Zebrafish has four period genes: per1a and per1b, which are both co-orthologs of mammalian Per1; and per2 and per3, which are single orthologs of mammalian Per2 and Per3 (Wang, 2008) . Under DD conditions, per1a, per2, and per3 were all significantly upregulated in per1b mutants during both the subjective daytime and the subjective nighttime ( Fig. 2I-K ) , indicating that Per1b serves as a negative regulator of the three other period genes in the zebrafish circadian system. Intriguingly, under DD conditions, we found that the per1b mutant larvae displayed an ϳ1.2 h shortened circadian period in comparison with wild types (Fig. 2L) , consistent with an ϳ1 h shorter period found in Per1 knock-out mice (Cermakian et al., 2001) . The locomotor amplitude of the per1b mutant larvae was significantly higher than that of wildtype controls under DD conditions (Fig. 2M ) . Furthermore, the per1b mutant larvae showed a phase-advanced phenotype with Arrows show the locations of PCR primers used to identify homozygous per1b mutants, heterozygotes, or wild-type fish. C, D, qRT-PCR analysis showed that per1b is rhythmically expressed in wild-type fish but its expression is nearly abolished in homozygous per1b mutants under both LD and DD conditions. One-way ANOVA test. Error bars are ϮSEM. E, Whole-mount in situ hybridization experiments showed rhythmic expression of per1b in wild-type fish, but abolition of per1b expression in homozygous mutants under LD conditions. F, The homozygous per1b mutant lacks the Per1b protein. Proteins were extracted from wild-type and per1b mutant brains and eyes. Western blotting was done with tubulin antibody as an internal control. G, Immunofluorescence staining of Per1b indicated that the Per1b protein is primarily expressed in the inner nuclear layer of the retina (white arrow) and there is no detectable signal in the per1b mutant. Scale bar, 40 m. H, Colocalization of the PER1 (green) and TH (red) proteins in dopaminergic neurons in the SN of mice, shown by immunofluorescence. Scale bar, 100 m. I-K, Under DD conditions, per1a (I ), per2 (J ), and per3 (K ) are all upregulated in per1b mutant zebrafish during both subjective daytime and nighttime. Expression ratios were normalized according to ␤-actin (RTPrimerDB ID:705) as an internal control using the 2 Ϫ⌬⌬CT method, and analyzed by one-way ANOVA test. L, Homozygous per1b mutants (5-10 dpf) exhibited ϳ1.2 h shorter period under DD conditions. M, The relative amplitude of per1b mutants was significantly higher than wild types under DD conditions. Wild-type larvae, n ϭ 48; per1b mutant larvae, n ϭ 48. Student's t test. N, The per1b mutant displays a phase-advanced phenotype compared with wild types under DD conditions. The average time advanced was ϳ2 h. Wild-type larvae, n ϭ 48; per1b mutant larvae, n ϭ 48. The number on the right side of the star indicates the p values. Figure 3 . Homozygous per1b mutant zebrafish display ADHD-like behaviors. A, The per1b mutant larvae display hyperactive locomotor behaviors under LD conditions. Mean locomotion time was monitored in 5-7 dpf larvae. per1b mutant, n ϭ 36; wild type, n ϭ 36. Student's t test. B, The per1b mutant adults display hyperactive locomotor behaviors under LD conditions. Mean average swimming velocities of per1b mutant and wild-type adult zebrafish at time-of-day points under LD conditions (bars), and the accumulative total tracks of the per1b mutant and wild-type adult fish under LD conditions (rectangles). In addition to overall higher locomotor activities, per1b mutant adults appear to exhibit relatively higher locomotor activities in the center of the tank than the wild-type fish (squares in the center), indicating a less centrophobic and anxious phenotypes in the per1b mutant adult fish. Error bars are ϮSEM. per1b mutant, n ϭ 12; wild type, n ϭ 12. Student's t test (Movie 1). C, Hyperactivity and impulsive-like behavior of the per1b mutant fish, shown by the mirror-image attack assay. per1b mutant, n ϭ 18; wild type, n ϭ 18. Error bars are ϮSEM. Student's t test (Movie 2). D, Hyperactivity of per1b mutant larvae can be rescued by microinjection of functional per1b mRNAs. Thirty nanograms of capped per1b mRNAs were injected into one-cell per1b mutant embryos and locomotor activities were monitored from 5 to 7 dpf. Error bars are ϮSEM. per1b mutant, n ϭ 36; wild type, n ϭ 36; per1b-injected embryos, n ϭ 36. Student's t test. E, Adult per1b mutant fish showed significant learning problems in the AAC paradigm. The per1b mutant fish required more trials than wild types to learn to avoid electric shocks in the daytime (ZT8). F, The performance of per1b mutant fish in the memory test was inferior to that of wild types during the daytime. Error bars are ϮSEM. per1b mutant, n ϭ 12; wild type, n ϭ 12. Student's t test. G, per1b mutant fish showed impulsivity-like symptoms determined by a food reward assay with the two-choice serial reaction-time task (see Materials and Methods). Correct (blue bars), incorrect (orange bars), and omission (yellow bars) results were marked with different colors. per1b mutant, n ϭ 24; wild type, n ϭ 24. H, A short-period (90 s each) light-pulse test showed that per1b mutant larvae are more sensitive to rapid changes in the illumination environment than wild-type controls. A 90 s light/dark pulse cycle was programed to the testing chamber holding 6 dpf larvae, and swimming distance during each cycle was monitored. per1b mutant, n ϭ 36; wild type, n ϭ 36. All the numbers on the right side of the star indicate the p values.
an average time of 2 h under DD conditions (Fig. 2N ), similar to patients with familial advanced sleep phase syndrome due to a mutation in human PER2 (Toh et al., 2001 ). These results show that Per1b is essential for zebrafish circadian regulation.
per1b mutant fish display hyperactive behavior
We then further analyzed zebrafish locomotor activities under LD conditions and found that 5-7 dpf per1b mutant larvae were ϳ3 times more active than their wild-type counterparts during both daytime and nighttime (Fig. 3A) . We also measured swimming velocities of adult fish. Similar to larvae, the mean swimming speed of per1b mutant adult fish was approximately twice that of wild-type fish during the daytime and nearly one and a half times the wild-type value during the nighttime ( Fig. 3B; Movie 1) . We conclude that per1b mutant larvae and adult fish both exhibit hyperactivity. In addition, we also observed that the per1b mutants were less centrophobic than wild-type fish (Fig. 3B, rectangles) . In other words, the per1b mutants displayed a dramatically increased exploratory behavior, implicating a reduced anxiety phenotype (Roybal et al., 2007) .
We also used an image-attack assay (Bolyard and Rowland, 1996) to examine "perseveration," a key diagnostic criterion for hyperactivity in ADHD. High-speed camera monitoring showed that during the daytime (ZT1, ZT4, and ZT7), wild-type fish attacked their image intermittently in a 10 min interval. Wildtype fish would attack several times for a short period and then break off the attack, leave the mirror, and swim to other regions of the tank, and only resume attacking when they happened to see their image again. In contrast, per1b mutant fish attacked their mirror image nearly continuously in a 10 min period, failing to break off the attack as wild-type fish did. Thus the adult per1b mutant fish also displays perseveration-like behavior, shown by their persistently swimming toward the mirror side of the tank during the test ( Fig. 3C ; Movie 2).
To ensure that observed hyperactivity is caused by the per1b mutation rather than some other closely linked genetic aberration, we performed rescue experiments by microinjecting per1b capped mRNAs into one-cell zebrafish embryos. Results showed that hyperactivity of 5-7 dpf mutant larvae was rescued by per1b functional mRNAs (Fig. 3D) . We conclude that the viral insertion into the per1b gene is responsible for the behavioral abnormality.
per1b mutant fish show learning-deficit and memory-deficit behaviors Next, we investigated the attention-deficit phenotype that also characterizes human ADHD patients. Recognizing that attention is particularly difficult to translate into defined behaviors in animal models and that distractibility and carelessness cannot easily be measured in such systems (Alsop, 2007), we focused on behaviors mimicking the forgetfulness and the trouble remembering obligations or appointments that are typical symptoms in both children and adult ADHD patients (Pastor et al., 2008) . A well established methodology for examining learning and memory in adult fish is the AAC paradigm, in which one measures the ability of fish to learn and remember to avoid an electric shock by moving away from a naturally preferred dark area (but now an unsafe, shock-prone environment) into a naturally less favored light area (but now a safe, shock-free environment) of the tank ( Fig. 1A ; see Materials and Methods; Rawashdeh et al., 2007) . We assessed this behavior in 2 consecutive days at two time-of-day points, ZT8 (daytime) and ZT16 (nighttime). During the training stage, at ZT8 in the daytime per1b mutants needed ϳ28 Ϯ 2.8 trials to learn to avoid the electric stimulus to criterion (see Materials and Methods), while wild-type controls needed only half as many trials (14 Ϯ 2.4 trials). We conclude that per1b mutants are not able to learn as well as wild types. At ZT16 in the nighttime, however, wild-type controls and per1b mutants showed no significant difference, indicating that the per1b mutants have less ability to learn or focus on a special task, but only in the daytime (Fig. 3E) .
During the test stage in the following day, we estimated the memory of fish using the RS (as described in Material and Methods), which reflects the ratio between training and testing performances. We observed that during the daytime at ZT8, per1b mutant fish showed a decreased ability to acquire and remember the AAC stimulus compared with wild-type fish, while no significant difference in memory acquisition or retention between wild-type controls and per1b mutants appeared during the nighttime at ZT16 (Fig. 3F ) . This result suggests that per1b mutant fish have a lower ability to form long-term memories than wild-type fish (n ϭ 36, t test, p Ͻ 0.05). We conclude that per1b mutant fish show a clear deficit in learning and memory ability, which Movie 1. Hyperactivity of per1b adult mutant zebrafish. In comparison with wild types, per1b adult mutant zebrafish swam much faster and moved longer distances in the same time interval.
Movie 2. Impulsivity of per1b adult mutant zebrafish and its rescue by Ritalin treatment, determined by the mirror-image attack assay. Wild-type zebrafish attacked their mirror image, then broke off and attacked their mirror image again, while the per1b mutant zebrafish constantly attacked their mirror image, rarely breaking off (see text for discussion). The attacking times of per1b adult mutant fish are significantly reduced following 1 h 100 M Ritalin treatment.
mimics an important symptom in psychiatric disorders, especially ADHD. Despite the difficulty to directly characterize the attention behavior of fish, the deficit in learning and memory of the per1b mutant fish could be easily extrapolated to be hyperactivity-derived "inattention." per1b mutant fish display impulsivity-like phenotype Human ADHD patients show impulsivity and often have difficulty waiting for things they want. To investigate whether zebrafish per1b mutants show cognitive impulsivity, we performed a two-choice serial reaction-time task in adult fish as described previously (Parker et al., 2012) , using a modified apparatus shown in Figure 1B . During 1-week-long consecutive daily training sessions, when a green light was accompanied by a food reward near the light, both the mutant and wild-type fish entered into the region near the green light within 1 min after it was switched on. In the following test phase, the green light was switched on but food was not added until a waiting period of 4 min. Results showed that during the 4 min waiting period, ϳ35% of wild-type fish maintained their attention to the task and stayed . Circadian regulation of dbh and mao and impaired DA signaling in per1b mutant zebrafish. A, B, Reduced DA levels in the per1b mutant adult brain (A) and in larvae (B), determined by HPLC. These experiments were performed in triplicate, with three biological samples for each experiment. Data were analyzed using a one-way ANOVA test. All error bars are ϮSEM. C, D, qRT-PCR showed rhythmic expression of dbh (C) and mao (D) in wild-type larvae and their upregulation in per1b mutants under DD conditions. One-way ANOVA test. E, Upregulation of th in the per1b mutant zebrafish. F, rev-erb␣ (nr1d1) shows a phase-delayed expression pattern in the per1b mutant fish under DD conditions. G-I, dopamine receptor D2 b (drd2b; G), dopamine transporter (dat; H ), and vesicular monoamine transporter 2 (vmat2; I ) in the per1b mutant zebrafish at most stages except for 124 hpf, when drd2l and dat were dramatically increased, which could be a response to the initiation of foraging at that stage (see text for detail). J, K, A continuous luminescence monitor assay with transgenic analysis showed rhythmic expression of dbh (J ) and mao (K ) in vivo. Data were normalized using CircleWave software. L, M, Cell transfection assays showed that dbh is activated by Clock1a and Bmal1b but repressed by Per1b or Cry1ba (L), while mao is activated by Clock1a and Bmal1b but repressed by Per1b or Cry1ab (M ). Student's t test. N, O, ChIP assays showed that Bmal1b and Period2 proteins bind E' boxes in the 5Ј regulatory region of dbh (N ) and mao (O). The top of N and O show the three fragments from the 5Ј regulatory region of dbh for the ChIP assays. All the numbers on the right side of the star indicate the p values.
near the green light at the first day of test, and the proportion of wild types remaining near the green light in the waiting period increased with subsequent trials. In contrast, only ϳ15% of per1b mutants stayed near the green light on the first test day, and although the proportion of fish remaining near the green light in the waiting period gradually increased in the following days as in wild types, this proportion was always significantly lower than that for wild types (Fig. 3G) . Results are consistent with those displayed by rodent models of ADHD that were tested using a similar behavioral task (Bruno et al., 2007) , indicating that per1b mutant fish display impulsivity. In addition, it is noteworthy that despite having learned the task, per1b mutants could not maintain their attention on the task at hand, as expected for an attention-deficit phenotype.
ADHD patients also tend to show impulsive behaviors, i.e., an inability to hold in check maladaptive behaviors. The persistent mirror-attacking behavior of the per1b mutant fish described above also can be construed as a trait similar to increased impulsivity or aggressiveness that makes the fish seemingly unable to break off ineffective behaviors ( Fig. 3C ; Movie 2).
Human patients who suffer from an impulsive control disorder frequently display an enhanced sense of arousal and are much more sensitive than other people to changes in the environment (Hollander and Stein, 2006) . To test the response of per1b mutants to rapid change, we programed the ZebraLab aquarium system to deliver pulses of 90 s of light followed by 90 s of dark to the 96-well plate containing 6 dpf larvae. We used the distance larvae swam in 90 s to estimate the locomotor response to the rapid light/dark changes. Results showed that per1b mutants are much more sensitive to the quick light/dark changes and are noticeably more agitated during the dark pulse than their wildtype controls (Fig. 3H ) , mimicking the agitated state of human ADHD patients. These results show that per1b mutant fish clearly display hyperactivity, forgetfulness, and impulsivity, all ADHDlike behaviors, described in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Revised Edition (DSM-V ), by the American Psychiatric Association.
Disruption of the DA signaling pathway in per1b mutants
To elucidate the physiological basis for ADHD-like behaviors in per1b mutant zebrafish, we examined DA levels because an abnormal DA system has been implicated in the etiology and pathogenesis of ADHD (Gong et al., 2011; Lange et al., 2012) . Results showed that whole larval bodies and adult brains of per1b mutants contained significantly lower levels of DA than wild-type controls (Fig. 4 A, B ; t test, p Ͻ 0.05) as assessed by HPLC. This result is consistent with findings for human ADHD patients and hypodopaminergic rodent models for ADHD (Gong et al., 2011) . To investigate whether the circadian clock plays a role in regulating DA biosynthesis, metabolism, and signaling, we first examined expression of the mao gene, which encodes monoamine oxidases for decomposing DA into DOPAC. Results showed that mao is rhythmically expressed in wild-type larvae and upregulated in per1b mutant larvae (Fig. 4D) . DA can also be converted into NE, catalyzed by DA ␤ hydroxylase and we observed that dbh is rhythmically expressed and upregulated in per1b mutants (Fig. 4C) . We also found that th (TH, ENS-DARG00000030621) was upregulated in per1b mutants (Fig.  4E) , which may be a compensatory response to the high expression levels of mao and dbh. A recent study showed that mouse Rev-erb␣ (Nr1d1, ENSDARG00000030621) inhibits Th expression (Chung et al., 2014) . Here we examined zebrafish rev-erb␣ expression and found that it oscillates in wild types but exhibits an ϳ8 h phase delay in mutants relative to wild types (Fig. 4F ) , likely resulting in a phase advance of th expression (Fig. 4E ). In addition, dat (dopamine transporter, ENS-DARG00000004219), drd2b (dopamine receptor d2b, ENSDARG00000030621), and vmat (vesicular monoamine transporter, ENSDART00000025466) genes were all upregulated in per1b mutant larvae in all developmental stages except for 124 hpf, when dat and drd2b were dramatically increased in wild-type larvae (Fig. 4G-I ) . In Caenorhabditis elegans, DA is essential for sensing food and D1-like DA receptor DOP4 is responsible for this sensation (Ezcurra et al., 2011) . Thus, it is likely that the increased expression of dat and drd2b at 124 hpf may correspond to the initiation of foraging in zebrafish larvae at that stage. The underlying mechanism, however, requires further investigation. Previous studies showed that juvenile and adult ADHD patients have increased levels of striatal DA transporter (Dougherty et al., 1999; Cheon et al., 2003) , which may result in reduced synaptic DA. The DA D2/3 receptor is markedly upregulated in adolescent ADHD patients (Lou et al., 2004) . Thus, high expression of dat and drd2b may also contribute to the ADHD-like phenotype in zebrafish. The vesicular monoamine transporter is responsible for the uptake of cytosolic monoamines into synaptic vesicles, and the increase of DA release through amphetamine treatment results in a significantly lower level of vmat expression (Glaser and Gerhardt, 2012). Thus, the observed upregulation of vmat also may be a compensatory response to the lower level of DA in per1b mutants.
The promoters of dbh and mao both harbor a specific ciselement, the E-like box (CANNTG), as do other clock-controlled genes (Vallone et al., 2004) , suggesting the hypothesis that dbh and mao may be regulated by the circadian clock. To test this hypothesis, we placed dbh and mao promoter fragments containing E-like boxes into luciferase-based reporter constructs, microinjected them into one-cell zebrafish embryos, and generated stable transgenic zebrafish lines. Real-time monitoring showed that dbh and mao both oscillated in vivo (Fig. 4 J, K ) . To see whether dbh and mao are controlled by the circadian system in vitro, we also performed cell-transfection assays using mammalian NIH3T3 cells and these luciferase constructs. Activities of dbh and mao promoters were significantly enhanced when cotransfected with Clock1a and Bmal1b (or Clock2 and Bmal1b for mao), but cotransfection of expression vectors for the negative regulators, Cry1ba (or Cry1ab for mao) or Per1b, markedly reduced the promoter activities in NIH3T3 cells (Fig. 4 L, M ) .
To investigate whether dbh and mao genes are regulated by circadian clock genes in vivo, we performed ChIP experiments with a Bmal1b polyclonal antibody and a Period2 monoclonal antibody. Results showed that Bmal1b protein binds specifically to the E-like box elements of dbh and mao promoter regions, which may activate expression of the two genes, while Per2 just binds to the E-like boxes of mao (Fig. 4 N, O) . These results unambiguously showed that both dbh and mao are controlled directly by the circadian clock.
To determine whether the upregulation of dbh and mao transcription in the per1b mutant leads to higher enzymatic activities, we measured enzymatic products. We observed significantly increased levels of NE (Fig. 5A) and HVA (Fig. 5B) in the per1b mutant, showing that upregulation of dbh and mao mRNA (Fig.  4C,D) results in more DA ␤ hydroxylase and monoamine oxidase activity in per1b mutant fish. Because increased levels of NE were reported in both human ADHD patients and the mice ADHD model coloboma (Jones and Hess, 2003; Nestler et al., 2009) , we think that elevated NE may also contribute to the behavioral phenotypes of per1b mutants; for instance, hypersensitive to rapid changes in light/dark periods and overagitation during the dark pulse (Fig.  3G) , although the exact mechanism remains to be investigated. The levels, however, of both 5-HIAA (the final metabolite of brain serotonin; Fig. 5D ) and serotonin neurons (Fig. 5E,F) are normal in per1b mutant fish, implying that serotonin (5-hydroxytryptamine) is not affected in per1b mutant fish.
Altered dopaminergic neuron development in per1b mutants
In mammals, dopaminergic neurons in the ventral tegmental area of the midbrain and in the substantia nigra compacta (VTA/ SNc) regulate complex behaviors, such as cognition, motivation, learning, and motor activity . In zebrafish, dopaminergic neurons in the PT of the ventral diencephalon, which project into the subpallium, have been likewise implicated in the regulation of complex behaviors (Tay et al., 2011) . The seven distinct populations of dopaminergic neurons in the zebrafish PT integrate ascending and descending circuits for control of locomotion (Rink and Wullimann, 2002) . Very little is known, however, concerning the possible effects of the development of these zebrafish dopaminergic neurons on the pathogenesis of ADHD (Lange et al., 2012) . With double-blind scoring, we observed a significant decrease in the number of dopaminergic neurons in the per1b mutant ventral diencephalic PT at 5 dpf in comparison with wild-type controls (Fig. 6A-C) . Deficit of dopaminergic neurons occurred as early as 60 -84 hpf and continued thereafter in per1b mutants (Fig. 7) . In addition, dopaminergic neurons in the per1b mutant PT appeared to be sparsely distributed and disorganized, rather than forming the regular seven populations as in the wild-type PT (Fig. 6 A, B) . This result shows that per1b activity is required for normal development or patterning of dopaminergic neurons.
To investigate possible mechanisms underlying the reduction and disorganization of dopaminergic neurons in the per1b mutant PT, we examined the expression of genes that play roles in specification, differentiation, and development or maintenance of dopaminergic neurons. In these experiments, only DD conditions were used to examine circadian regulation of these genes. Both orthopedia homeodomain protein (Otp) a (ENSDARG00000014201) and Otpb (ENSDARG00000058379) are required for the specification and development of dopaminergic neurons ; Wnt factors are critical for dopaminergic neuron differentiation and axonal extension (Castelo-Branco et al., 2003) ; and mesencephalic astrocyte-derived neurotrophic factor (Manf) plays a pivotal role in protecting dopaminergic neurons from neurotoxic damage (Chen et al., 2012) . RT-PCR showed that wnt1 (ENSDARG00000055554), wnt3a (ENSDARG00000058822), wnt5a (ENSDARG00000014495; Fig. 6D-F) , otpa, otpb (Fig. 6G,H) , and mesencephalic astrocyte derived neurotrophic factor (manf, NM_001076629; Fig. 6I ) are all significantly downregulated in per1b mutants under DD conditions. These results suggest that Per1b acts via Otp, Wnt signaling, and Manf to regulate specification, differentiation, development, and maintenance of dopaminergic neurons, but the mechanisms by which Per1b regulates these genes require further investigation. In addition, LATROPHILIN3 (LPHN3), which encodes a putative adhesion-G-protein-coupled receptor, has recently been implicated as an ADHD-susceptible gene (Arcos-Burgos et al., 2010) . Knockdown of lphn3.1, a zebrafish ortholog of LPHN3, results in reduction and misplacement of dopaminergic neurons in the ventral diencephalic PT and a hyperactive/impulsive phenotype (Lange et al., 2012) . Consistent with those findings, we observed that lphn3.1 is significantly downregulated in per1b mutants (see Fig. 9A ). symptoms in mammals as it does in fish. Using an open-field apparatus, we found that Per1 knock-out mice were hyperactive and impulsive (Fig. 8A-C) estimated by running distance and rearing frequency, respectively, and by the water maze assay, we observed that Per1 knock-out mice displayed impaired learning and memory (Fig. 8D) . We also found that the DA level in the Per1 knock-out female mouse brain was significantly lower than in wild-type controls, as in zebrafish (Fig. 8E) . We also examined the expression levels of genes involved in DA metabolism and signaling transduction pathways by qRT-PCR in the VTA/SNc. As in zebrafish per1b mutants, genes involved in DA metabolism and signal transduction were disregulated in Per1 knock-out mice either in the SN or corpus striatum (Fig. 8F-L) . Although Per1 knock-out male mice also displayed ADHD-like symptoms and altered DA-related genes, we did not detect significantly lower levels of DA in their brains, which requires further investigation. Thus, it appears that circadian regulation of ADHD pathogenesis is highly conserved among vertebrate species.
Hyperactivity and impulsivity of per1b mutants can be rescued by ADHD drugs
If per1b mutant zebrafish mimic ADHD, then they should respond to drugs used to treat ADHD patients. ADHD therapeutic agents include deprenyl (Selegiline), a monoamine oxidase inhibitor, and methylphenidate (MPH, or Ritalin), an amphetamine-like compound that represses DA transporter. These drugs can temporally restore extracellular DA levels and thus relieve some ADHD symptoms, including hyperactivity (Zhu et al., 2014) . We treated larvae with different concentrations of MPH or deprenyl by directly adding the drug to the water for 1 h and then measured mean swimming speed. We found that treatment with 5 M of either MPH or deprenyl was sufficient to reduce the hyperactivity of per1b mutant larvae to approximately the activity level of wild-type controls, but that the same concentration of these drugs exerted no effect on locomotion of wild-type larvae (Fig. 9B,C) . These results show that, as in human ADHD patients and rodent models of ADHD, treatment with Ritalin or Selegiline was sufficient to rescue hyperactivity in the per1b mutant larvae.
Because these drugs also help reduce impulsive actions and improve attention and cognition (Geissler and Lesch, 2011), we tested whether Ritalin can rescue the mirror-attacking phenotype of per1b mutant zebrafish. The persistent mirrorattacking behavior of per1b mutant adult fish was significantly reversed with a 1 h treatment of 100 M Ritalin ( Fig. 9D ; Movie 2). While we regard the mirror-attacking phenotype of per1b mutant fish as impulsive or aggressive behavior, it also mimics hyperactivity or perseveration of ADHD (DSM-V ). The observation that ADHD drugs can rescue both the hyperactivity and mirror-attacking phenotypes of per1b mutant fish supports our notion that this circadian mutant zebrafish is an invaluable tool for investigation of ADHD pathogenesis and serves to identify other drugs that might be useful for human patients.
Discussion
We have established a mutant with altered circadian rhythms that clearly displays hyperactive, defective learning and memory, and impulsivity-like symptoms. These findings lead us to propose that these phenotypes mimic the symptoms of human ADHD patients and that per1b mutant fish should be used for studying Shown are swimming distances in 5 min intervals of 6 dpf MPH-treated and control larvae. Wild-type (n ϭ 18) and per1b mutant larvae (n ϭ 18) before and after a 1 h treatment with 5 M MPH. The same larvae were analyzed before and after treatment. Student's t test. C, Rescue of per1b mutant hyperactivity by deprenyl treatment. Shown are swimming distances in 5 min intervals of 6 dpf deprenyl-treated and control larvae. Wild-type (n ϭ 18) and per1b mutant larvae (n ϭ 18) before and after a 1 h treatment with 5 M deprenyl. The same larvae were analyzed before and after treatment. Student's t test. D, Rescue of per1b mutant impulsivity by MPH treatment. Shown are mirror-attack times in 5 min intervals of 3-month-old MPH-treated and control adult fish. Wild-type (n ϭ 18) and per1b mutant fish (n ϭ 18) before and after a 1 h treatment with 100 M MPH. The same fish were analyzed before and after treatment. Student's t test (Movie 2). E, A model for the role of Per1b in ADHD through regulation of DA metabolism/degradation and dopaminergic neuron development and maintenance. The circadian clock regulates mao and dbh. Additionally, Per1b itself or the circadian clock system directly or indirectly acts via otpa, otpb, wnts, and manf, which are critical for specification, differentiation, development, and maintenance of dopaminergic neurons. The purpose of this action is probably regulate the number and organization of dopaminergic neurons in the ventral diencephalic PT. Numbers on the right side of the star indicate p values.
the mechanistic basis of ADHD ( Fig. 9E ; Table 1 ). Like human ADHD patients and rodent models of ADHD (Gong et al., 2011) , homozygous per1b mutant zebrafish display hyperactivity, impulsiveness, and impairment of sustained attention (Fig. 3A-H ) ; contain low levels of DA; and respond to the ADHD treatment drugs Ritalin (MPH) and Selegiline (deprenyl) ( Fig. 9B-D ; Table  1 ). These results demonstrate not only that per1b mutant zebrafish meet the criteria of face validity, construct validity, and predictive validity of ADHD models, but also that a dysfunctional DA system is a highly conserved hallmark of ADHD in human, rodents, and zebrafish (Gong et al., 2011; Baird et al., 2012; Lange et al., 2012;  Table 1 ). Furthermore, we also observed that Per1 knock-out mice display ADHD-like symptoms, suggesting that circadian roles in ADHD pathogenesis are highly conserved (Fig.  8E) . Although we were unable to detect any protein signal in the DA neurons, likely due to the suboptimal zebrafish Per1b antibody, the RNA in situ hybridization results showed that per1b is ubiquitously expressed in the brain (Fig. 2E) . Our assumption that per1b is expressed in the PT region is also based on our antibody-staining result of TH and PER1 colocalization in the SN/VTA DA neurons in mice (Fig. 2H ) . Even though zebrafish Per1b is not expressed in the PT region, it may still play an indirect role in the PT region.
Recent GWAS suggest that ADHD is polygenic (Franke et al., 2012) , and implicate circadian genes, particularly PER1, as possible ADHD-susceptible genes (Lasky-Su et al., 2008; Xu et al., 2010) . First of all, our work shows how zebrafish research can be useful for evaluating human GWAS. For example, we show that among single nucleotide polymorphism in the human PER1 locus is among the many genes associated with ADHD, along with many other genes (Lasky-Su et al., 2008) . In addition, however, our work shows a causative relationship and provides a mechanism for the association.
Previous studies have already revealed that canonical circadian clock genes play important roles in cognitive and psychiatric behaviors (Karatsoreos, 2014) . For instance, both Bmal1 and Period2 knock-out mice display mania-like behavior (McClung, 2013) , while Cry1 and Cry2 double-knock-out mice exhibit cognitive dysfunction and elevated anxiety (De Bundel et al., 2013) . In particular, both Clock and Rev-erb␣ can regulate TH, the ratelimiting enzyme in the biosynthesis of DA and other catecholamines, and mice lacking either Clock or Rev-erb␣ display elevated midbrain dopaminergic activities and mania-like behavior (Roybal et al., 2007; Chung et al., 2014) . Here, our study found that the circadian clock directly controls mao and dbh, which are involved in DA catabolism and the conversion of DA into NE, respectively. Transcription of these two genes are activated by the Clock:Bmal heterodimer but repressed by Per1b, and loss of Per1b function leads to mao and dbh upregulation, which may in turn result in DA reduction and thus contribute to ADHD (Fig. 9E) . While the circadian control of MaoA (an ortholog of zebrafish mao) transcription was reported previously in mouse (Hampp et al., 2008) , our study is the first to show direct regulation of dbh by the circadian clock.
Even though ADHD has long been regarded as a neurodevelopmental disorder, the underlying mechanism remains largely unknown (Lange et al., 2012) . Our study suggests a mechanism for the impaired development of dopaminergic neurons in ADHD, as well as regulatory roles of Per1b on genes essential for development or maintenance of dopaminergic neurons. In zebrafish per1b mutants, otpa, otpb, wnt1, wnt3a, wnt5a, and manf, which are critical for specification, differentiation, development, or maintenance of dopaminergic neurons, were all downregulated. Downregulation of these genes could lead to the observed partial loss and disorganization of dopaminergic neurons in the per1b mutant diencephalic PT. Impairment of dopaminergic neuron development also should lead to DA reduction and ADHD-like symptoms (Fig. 9E) .
In summary, Per1b is required to prevent ADHD-like symptoms in zebrafish and appears to work by regulating endogenous DA levels in two ways (Fig. 9E) : first, by acting through DArelated enzymes, transporters, and receptors to directly regulate the endogenous DA level, and second, by acting through genes critical for specification, differentiation, development, or maintenance of dopaminergic neurons to possibly regulate the number and spatial organization of dopaminergic neurons (Fig. 9E) . Zebrafish possesses two orthologs of the mammalian Per1 gene, per1a and per1b. These were derived from the teleost genome duplication, which occurred ϳ300 million years ago (Amores et al., 1998; Postlethwait and Braasch, 2012) . The role of Per1a in ADHD remains to be investigated. However, our previous study showed that per1a has a rather more specific expression pattern than per1b, and has evolved distinct molecular mechanisms underlying temporal and spatial expression (Wang, 2008) , which suggests that per1a either plays a compensatory role for per1b or has a different function from per1b. Nevertheless, our per1b mutant provides not only new insights into the pathogenesis of ADHD, but importantly, identifies Per1 as a new therapeutic tar- (Hess et al., 1992) No (Hess et al., 1996) Not determined Yes (Bruno et al., 2007) Not get for ADHD diagnosis and treatment. Unlike many rodent models for ADHD (Yamada, 2011) , per1b mutant zebrafish have normal body weight and body length, and show no signs of obvious physiological or metabolic defects. The fact that per1b mutant fish contain lower levels of DA than wild types makes them a particularly good subject for studying mechanisms underlying hypodopaminergic ADHD and behaviors. Because zebrafish are readily suitable for large-scale and high-throughput drug discovery (Lieschke and Currie, 2007) , this zebrafish per1b mutant should be invaluable in identifying new drugs for potential treatments of the neuropsychiatric disorders associated with the alteration of the brain dopaminergic system, such as ADHD, Parkinson's disease, and addiction (Hollander and Stein, 2006) .
